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Abstract

Purpose—The purpose of this study was to develop a method for quantifying guinea pig ciliary

muscle volume (CMV) and to determine its relationship to age and ocular biometric

measurements.

Methods—Six albino guinea pigs eyes were collected at each of five ages (n=30 eyes).

Retinoscopy and photography were used to document refractive error, eye size, and eye shape.

Serial sections through the excised eyes were made and then labeled with an α-smooth muscle

actin antibody. The CM was then visualized with an Olympus BX51 microscope, reconstructed

with Stereo Investigator (MBF Bioscience) and analyzed using Neurolucida Explorer (MBF

Bioscience). Full (using all sections) and partial (using a subset of sections) reconstruction

methods were used to determine CMV.

Results—There was no significant difference between the full and partial volume determination

methods (P = 0.86). The mean CMV of the 1, 10, 20, 30, and 90-day old eyes was 0.40 ± 0.16

mm3, 0.48 ± 0.13 mm3, 0.67 ± 0.15 mm3, 0.86 ± 0.35 mm3, and 1.09 ± 0.63 mm3, respectively.

CMV was significantly correlated with log age (P = 0.001), ocular length (P = 0.003), limbal

circumference (P = 0.01), and equatorial diameter (P = 0.003). It was not correlated with refractive

error (P = 0.73) or eye shape (P = 0.60). Multivariate regression determined that biometric

variables were not significantly associated with CMV after adjustment for age.

Conclusions—Three-dimensional reconstruction was an effective means of determining CMV.

These data provide evidence that CM growth occurs with age in tandem with eye size in normal

albino guinea pigs. Additional work is needed to determine the relationship between CMV and

abnormal ocular growth.
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Over the years refractive error researchers have expended a great deal of effort and

resources towards determining the full mechanism of emmetropization, eye growth that

reduces neonatal hyperopia. In spite of this, the myopia research community is still unable to

fully explain the mechanisms responsible for normal (emmetropic) and abnormal (e.g.,

myopic) eye growth. Nevertheless, some promising breakthroughs have come from work

with animal models. For example, animal experiments have demonstrated predictable

changes in eye growth from imposed optical defocus, with myopic defocus slowing eye

growth and hyperopic defocus accelerating eye growth.1–4 In spite of this evidence,

treatments based upon reducing foveal defocus have resulted in little clinical benefit.5–7 In

human clinical studies, the amount of defocus is not related to the risk of onset or the rate of

progression of myopia,8 and correction of foveal defocus has not slowed myopic progression

by a meaningful amount.6, 7 Therefore, additional factors must be involved in myopia

development.

Recently, researchers have turned their attention to correcting peripheral hyperopic

defocus.9 Specifically, investigators have found that reducing the peripheral hyperopic

defocus found in the pre-myopic and post-onset eye,10 has decreased myopic progression by

up to approximately 50% over a two year treatment period.11, 12 The source of relative

peripheral hyperopia appears to be an alteration of eye shape from relatively oblate (wider

than long) as seen in hyperopia and emmetropia to relatively prolate (longer than wide) as

seen in myopia.13 While these results have produced insight into the underlying mechanism

of myopia, they also raise the question of the source of this abnormal eye shape.

Recent data have suggested that one possible source is an abnormal ciliary muscle. Oliveira

and coworkers and Bailey and coworkers have found that myopic adults and children have

thicker ciliary bodies and muscles, respectively, particularly posteriorly, than hyperopic

subjects.14, 15 These differences may have functional and structural consequences.

Specifically, myopic children have an altered accommodative function consisting of an

increased accommodative lag8, 16 and higher accommodative convergence to

accommodation ratio (AC/A) compared to emmetropes.16, 17 The crystalline lens stops its

normal thinning, flattening, and loss of power in myopic children at the time of myopia

onset while these changes continue in subjects who remain emmetropic.18, 19 Losses in

crystalline lens power counterbalance axial elongation to maintain emmetropia in

childhood.18, 19 Together, these findings suggest that the enlarged ciliary muscle may impair

the accommodative response to increase lag, create a pseudo-cycloplegia that increases the

AC/A ratio, isolate the crystalline lens from the elongating eye, and mechanically restrict

equatorial eye expansion to distort ocular shape and create peripheral hyperopic defocus.

Any one or more of these factors could accelerate axial elongation and lead to myopia.14, 19

All of the studies above relating the ciliary muscle to the development of myopia have been

in humans. None of them have been able to provide a direct link between an altered ciliary

muscle and myopic growth, and none of them have been able to elucidate an underlying

biochemical or biomechanical process leading to this alteration in ciliary muscle structure

and function. Therefore, development of a ciliary muscle measurement method in an animal

model of myopia would be of value.
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Over the years, myopia development has been studied in the chicken, tree shrew, monkey,

rat, mouse, fish, rabbit, cat, guinea pig, and pig.20–23 While all of these animals have

produced a better understanding of refractive error development, they also have their

limitations. For example, primates are costly and reproduce slowly. Pigs have a minimal

amount of ciliary muscle, a guinea pig’s overlapping binocular vision field is limited

compared to a human’s (20° to 63° vs. 140° to 160°), and tree shrews are difficult to

raise.20–22, 24, 25 Additionally, the chicken ciliary muscle is mostly skeletal muscle as

opposed to smooth muscle as in mammalian eyes, and the anatomy and the mechanism of its

accommodative system are different from that of a mammal.26, 27

Of the animal models listed above, the guinea pig (Cavia porcellus) possesses several

qualities that make it a reasonable choice for studying the ciliary muscle’s involvement in

myopia development. For example, the guinea pig myopia model is well characterized, a

meaningful amount of myopia can be induced in a relatively short period of time, and

myopia can be induced in a consistent and predictable manner.4, 28 Also, the guinea pig is

known to be able to accommodate (Kisilak ML, et al. IOVS 2011: ARVO E-Abstract 845),

yet its mechanism of accommodation may be different than that of primates because a

guinea pig’s accommodative system may be better suited for viewing near objects than a

primate’s system.29, 30 Furthermore, the guinea pig has more ciliary muscle tissue than other

rodents (e.g., rat),31 and it develops and reproduces relatively quickly. The guinea pig’s

genome has been sequenced (6.76X coverage), which also makes it amenable to molecular

biology experiments. Finally, laboratories have even taken steps to develop the guinea pig as

a model for studying myopia control with bifocal contact lenses and orthokeratology lenses

(Bowrey H, et al. IOVS 2013: ARVO E-Abstract 5176; Liu Y, et al. IOVS 2013: ARVO E-

Abstract 5471).

To date, there is very little known about how a guinea pig’s ciliary muscle develops and how

this information is related to biometric measurements like refractive error. Therefore, the

primary purpose of this study was to develop a means to quantifying the amount of ciliary

muscle present in a guinea pig’s eye, and to determine how a guinea pig’s ciliary muscle

size changes during the first 90 days of life. Preliminary results on how ciliary muscle

growth is related to refractive error, eye size, and eye shape without experimental

manipulation of visual experience are also presented. Ultimately, it is hoped that this

information will contribute toward establishing the guinea pig as a suitable model for

studying the role of the ciliary muscle in myopia.

METHODS

Subjects

Albino guinea pigs (Cavia porcellus) were bred from progenitors obtained from the Charles

River Laboratory. They were raised in a 12-hour light/12-hour dark cycle environment. Eyes

were collected at about 1, 10, 20, 30, and 90 days of age from twenty-one guinea pigs

following carbon dioxide asphyxiation. The first six eyes collected at each time-point

yielding high quality data were used in the analysis. Eyes that were unsuccessfully

embedded and eyes that were damaged by microtome malfunctions were not used in the

analysis. The Institutional Animal Care and Use Committee at The Ohio State University
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approved this research, and it was in compliance with the Association for Research in Vision

and Ophthalmology’s Statement for the Use of Animals in Ophthalmic and Vision Research.

Refractive Error

Two-licensed optometrists measured refractive error with streak retinoscopy (ADP & DOM)

30 minutes after instilling two drops of 0.5% cyclopentolate (four total) five minutes apart in

each eye. No fluctuations were seen in pupil size, accommodation, or refractive error during

retinoscopy. Spherical equivalent refractive error was calculated from each investigator’s

measurements, and the mean of these two values was used in all subsequent analyses.

Ocular Size and Shape

Ocular length, equatorial diameter, and ocular shape (eye length/equatorial diameter)

measurements were all derived from photographs of enucleated eyes (Figure 1). In brief,

after enucleation, all loose tissue was removed and eyes were placed on a black background.

Coronal view (front view) photos and transverse view (top view) photos of each eye were

taken with a high-resolution black and white camera (SONY XC77). Each image had a

resolution 27.9 pixels/mm. All images were then imported into ImageJ software. ImageJ was

used to manually create best-fit circles in order to determine the ocular lengths, equatorial

diameters, and limbal circumferences of the eyes (Figure 1). Circles were used instead of

lines to measure axial length in order to make for easier identification of the distance

between the anterior and posterior poles. Circles were also fit separately to the horizontal

and vertical aspects of the coronal view and the limbus to determine if there was any

asymmetry. Measurement reliability was determined by fitting each circle on 30 images on

two different occasions.

Tissue Processing and Staining

Three-dimensional ciliary muscle reconstruction was performed by first fixing enucleated

eyes with formalin for two days.32 The eyes were subsequently transferred to 70% ethanol

until they underwent final processing with a Leica TP 1050 Tissue Processor (Leica

Microsystems), which consisted of cycling the eyes through graded concentrations of

alcohol and then xylenes followed by infusing them with paraffin wax. Eyes were then

imbedded in blocks of paraffin wax and serial anterior to posterior plane sections through

the entire eye were taken at 10 μm increments. Sections were placed in a hot water bath and

collected with Surgipath microscope slides (Leica-Microsystems, 3800200). The slides were

then allowed to dry at room temperature overnight, and they were subsequently stored at

room temperature until staining was performed.

Prior to staining, all slides were deparaffinized by first melting the paraffin wax with a 54°C

slide warmer for at least five minutes. The wax was then removed, and the tissue was

rehydrated by washing the slides with xylenes, 70% ethanol, and deionized water; each wash

step was performed for five minutes. Antigen retrieval was then performed by transferring

the slides to room temperature sodium citrate buffer (pH 6.0) and pressure-cooking them for

25 minutes. Slides were then slowly cooled and washed with deionized water followed by

phosphate buffered saline (pH 7.2) (PBS) for five minutes each. Slides were then transferred
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to hydrogen peroxide for 30 minutes; again they were washed in deionized water and PBS

for five minute each.

Proteins were then blocked via a Biotin Blocking Kit (BBK120) and a Mouse-to-Mouse

Blocking Kit (ScyTek Laboratories, MTM125) following the manufacturer’s guidelines. The

ciliary muscle was labeled with a primary α-smooth muscle actin antibody (Dako, M0851)

at a 1:200 dilution for at least one-hour. Non-bound antibody was then washed off with a

five-minute PBS wash. The antibody was then detected by first incubating the tissue with

UltraTek Anti-Polyvalent (ScyTek Laboratories, ABN125) for 20 minutes and then with

UltraTek horseradish peroxidase (HRP) (ScyTek Laboratories, ABL125) for 20 minutes;

each of these solutions was also washed off with PBS for five minutes. The tissue was then

subsequently incubated with 3-amino-9-ethylcarbazole (AEC) solution (ScyTek

Laboratories, ACJ500) until the staining could be visualized. Excess AEC solution was then

washed off with deionized water, and the slides were counterstained with hematoxylin

(Fisher Scientific, 353032). Excess hematoxylin was removed by submersing the slides in

deionized water. Stained tissue was then covered with Clear-Mount (Electron Microscopy

Science, 17985-15) and heated at 54°C to protect the tissue from the organic solvents in the

cover slip media. Cover slips were then attached with Permaslip mounting medium (Alban

Scientific, A325A).

Tissue Analysis

Each eye was coded prior to sample analysis. This allowed the examiner to be masked to

sample age and identity. While the examiner was masked to the age of the sample, it was

impossible to fully mask the examiner because young eyes appeared smaller and old eyes

appeared larger. Stained tissue sections were visualized with a live view with an Olympus

BX51 microscope with the 4x objective. No still images were obtained for the purpose of

determining ciliary muscle lengths and volumes because the analysis software was not

capable of performing this operation. Nevertheless, image resolution can be assumed to be

similar to that of images on the pen input display computer screen (4x = 520 pixels/mm).

The area of each stained ciliary muscle section was traced using a pen input display

computer screen (Wacom, Cintiq 21UX) and Stereo Investigator 9.0 software (MBF

Bioscience) (Figure 2). The masked examiner used the pen to manually trace the ciliary

muscle sections. The software only allowed for continuous tracings to be performed, which

means that editing to correct minor errors during ciliary muscle tracings was not possible.

The Stereo Investigator data were then analyzed with Neurolucida Explorer (MBF

Bioscience) to obtain the final cross-sectional area measurements of each section.

Three ciliary muscles at each time-point were reconstructed by obtaining cross-sectional

area measurements that were approximately 300 μm apart. Ciliary muscle area tracings were

then aligned with the Stereo Investigator and Neurolucida Explorer was used to create three-

dimensional reconstructions of the muscle. Ciliary muscle volumes were then determined

via two methods. The first full reconstruction method used all sections and was only

performed on the three eyes at each time-point used in the above three-dimensional

reconstructions of the muscle. Ciliary muscle volume was also determined by a second
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abbreviated method. The primary goal of developing a second method was to have a means

of determining ciliary muscle volume in a much more efficient and cost-effective manner.

In the first, full reconstruction method, the area of each ciliary muscle cross section was

determined as above. The average area of all cross sections was calculated and then

multiplied by limbal circumference. Limbal circumference was chosen as the third

dimensional multiplier in order to anchor all volumes to a pre-processing biometric

measurement. In the second method, the means and standard deviations of increasing

numbers of ciliary muscle sections (e.g., mean area and standard deviation of 2, 4, 6, etc.

sections) were plotted to determine the lowest number of sections needed to determine an

accurate ciliary muscle volume, i.e., to obtain a stable estimate of average ciliary muscle

cross sectional area (Figure 3). This was performed for all 15 eyes used in the original

analysis. An example of one of these plots can be found in Figure 3. Plots were then visually

inspected, and 10 sections were determined to be an optimal number for future analysis. The

use of histological analysis, which causes tissue alterations, and data averaging prohibits this

method from obtaining absolute ciliary muscle length and volume measurements; therefore,

all values obtained from this analysis technique must be considered to be relative

measurements and not absolute measurements.

Statistical Analysis

Means and standard deviations provided descriptive statistics of general data trends. A

Wilcoxon signed-rank test was used to compare the two ciliary muscle volume

determination methods, and linear regression was used to compare ciliary muscle volume to

eye length, equatorial diameter, refractive error, eye shape, and age. Multivariate regression

was used to assess how the ciliary muscle was related to biometric variables such as ocular

size and shape, refractive error, and age. Paired t-tests and Bland-Altman analysis was also

used to assess ocular shape and ciliary muscle measurement repeatability.33 Significance

was set at the 0.05 level. Statistical calculations were determined with Microsoft Excel and

Stata 12.0 software.

RESULTS

Refractive Error, Ocular Size, and Eye Shape

The overall mean refractive error of the guinea pigs across all ages was +1.43 ± 2.98 D with

the animals starting out highly hyperopic and becoming clinically emmetropic by about 90-

days of age (Table 1). One exception to this trend was with the 10-day old guinea pigs,

which were much more myopic (−2.21 ± 2.93 D) than the other age groups (Table 1). The

guinea pigs’ ocular lengths, equatorial diameters, and limbal circumferences across all ages

can be found in Table 1. These values are comparable to the results obtained by Howlett and

McFadden.23 Again, in general, these values also tended to increase with age with the

exception of the 10-day old eyes. Finally, the guinea pigs’ overall mean ocular shape ratio

(axial length/equatorial diameter) was 0.96 ± 0.02 across all ages (Table 1). An ocular shape

ratio that is less than one indicates that the guinea pig eyes are wider equatorially than the

eye is long. Overall, the guinea pig eyes were only slightly wider than long.
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Data were also collected to test eye shape and the repeatability of the photometric analysis

method. Paired t-tests indicated that there were no significant differences between occasions

for any of the repeated best-fit circles (eye length [P = 0.54], coronal vertical circle [P =

0.13], coronal horizontal circle [P = 0.15], limbal vertical circle [P = 0.55], and limbal

horizontal circles [P = 0.46]. Also, there were no significant differences between the coronal

horizontal and vertical circles (P = 0.84) and between the limbal vertical and horizontal

circles (P = 0.92), which means that the coronal view and that the limbus of the eyes are

essentially circular. Bland-Altman analysis was also used to determine the method’s

repeatability.33

Ciliary Muscle Reconstruction and Ciliary Muscle Volume

The ciliary muscle was successfully reconstructed at all five ages tested (Figures 2, 4, & 5),

and the ciliary muscle tracing method was found to be repeatable in that the 95% limits of

agreement were several times lower than the change with age for all variables (Table 2). The

two ciliary muscle volume determination methods also yielded similar results (Figure 3;

Wilcoxon signed-rank test; P = 0.86), so the abbreviated ciliary muscle volume

determination method was applied to all 30 eyes and used in all subsequent analyses. The

mean ciliary muscle volumes of the 1, 10, 20, 30, and 90-day old eyes were 0.40 ± 0.16

mm3, 0.48 ± 0.13 mm3, 0.67 ± 0.15 mm3, 0.86 ± 0.35 mm3, and 1.09 ± 0.63 mm3,

respectively (Figure 6), a roughly 2.5 fold increase during normal development. Upon

morphological observation, the ciliary muscle appeared to span its natural attachment points

(ora serrata & scleral spur) at 1 day of age (Figure 7).34 Visual determination was done in a

similar manner to that of the Bailey laboratory.35 Therefore, it appears that the muscle has

reached its general conformation by the time of birth. After birth, the muscle then continues

to grow longer and thicker as the eye grows with age (Figure 8 & 9). This growth was

tracked by analyzing the longest length of each section, a measure that is directly taken from

data output produced by Neurolucida Explorer (Figure 8). Analysis of these data illustrates

that ciliary muscle length increased about 48% over time. Ciliary muscle thickness was also

determined by calculation because Neurolucida Explorer does not provide a direct measure.

Ciliary muscle average thickness was determined by dividing the average area of ten ciliary

muscle sections by the average length of these sections at each age. The mean ciliary muscle

thickness increased by about 47% over the first 90 days of life (Figure 9). Finally, only a

small part of the overall increase in ciliary muscle volume resulted from an increase in

ciliary muscle ring circumference; limbal circumference, the anterior attachment point of the

ciliary muscle, only increased by 21% over the duration of the study (Table 1).

Ciliary muscle volume was significantly correlated with log age (r = 0.57; P = 0.001)

(Figure 6). If ciliary muscle volume were to be plotted linearly against age, it would appear

to plateau at around 90-days of age (graph not shown). When relating ciliary muscle volume

with ocular length (r = 0.52; P = 0.003), equatorial diameter (r = 0.53; P = 0.003), and limbal

circumference (r = 0.46; P = 0.01), all were significantly correlated. In contrast, refractive

error (P = 0.73) and ocular shape were not statistically related to ciliary muscle volume (P =

0.60). In general, eyes were relatively oblate in shape, which was expected because the

majority of the eyes had a hyperopic refractive error. Age appeared to be the common factor

behind each of these correlations; multivariate regression determined that the ocular
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biometric variables were not significantly associated with ciliary muscle volume after

adjustment for log age.

DISCUSSION

There is some evidence to suggest that the ciliary muscle is involved in the development of

myopia,8, 14–16 yet there is a dearth of information with regards to the biochemical process

leading to the increased ciliary muscle thickness seen in myopic subjects. Specifically, this

study was able to develop a method for quantifying the amount of muscle present in a

guinea pig’s eye, to track its morphological postnatal development, and to describe how this

information was related to other developmental and biometric characteristics.

The use of three-dimensional tissue reconstruction is of note because it has been rarely used

to describe the development of large biological structures. Nevertheless, after reviewing the

literature, it is clear that this innovative technique is becoming more widely used. For

example, it has been used to describe the shape and structure of the bladder and

neurons.32, 36 It has also been recently used to describe structural changes in meibomian

glands (Parfitt GJ, et al. IOVS 2012: ARVO E-Abstract 2671) and in the optic nerve head.37

Likewise, while much is known about the unique histology of the ciliary muscle, there is

little information on how its size changes over time.31, 34, 38 With regards to histology, it is

known that the ciliary muscle is made of smooth muscle, yet it possesses characteristic of

both smooth and skeletal muscle. For example, it has α-smooth muscle actin and dense

bodies, which are primarily seen in smooth muscle.34, 39, 40 At the same time, it has

numerous mitochondria, rough endoplasmic reticulum, and dense bands with a regular

alignment, which is primarily seen skeletal muscle.34, 39 Furthermore, humans are able to

voluntarily activate their ciliary muscle to produce accommodation; this feature is also more

typical of skeletal muscle.41

With regards to ciliary muscle size, there has been little written about the overall amount of

ciliary muscle present in various species. In an early paper, Woolf commented on the

general relative amount of ciliary muscle present in different species.31 For example, he said

that mammals have well developed ciliary muscles, squirrels and guinea pigs have

moderately developed muscle, and that the muscle is poorly developed in most other

animals studied.31 To the best of our knowledge, the present study is the first to

quantitatively describe the relative volume of ciliary muscle present in an animal during

development. Overall, the present study found that the mean ciliary muscle volume of a 90-

day-old guinea pig was 1.09 ± 0.63 mm3, which is about a 2.5 fold increase in volume

compared to a 1-day-old animal (Figure 6). This volume increase primarily resulted from the

ciliary muscle getting thicker and longer, 47% and 48% respectively, with a smaller amount

coming from an increase in ciliary muscle/limbal ring diameter (21%; Figures 8 & 9).

Nevertheless, there have been groups that have commented on the thickness of the ciliary

body or muscle at different locations within the human eye. One of the first of these studies

was performed by Oliveira and coworkers with ultrasound biomicroscopy.15 This study

determined that the mean ciliary body thickness for myopes 2 mm and 3 mm posterior to the
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scleral spur was 490 ± 115 μm and 315 ± 79 μm and the mean ciliary body thickness for

hyperopes 2 mm and 3 mm posterior to the scleral spur was 317 ± 77 μm and 224 ± 53

μm.15 They were also the first to determine that the posterior segment of the ciliary body

was thicker in adult myopic subjects compared to the posterior segment of the ciliary body

of non-myopic subjects.15 These results were later confirmed by Bailey and coworkers in

children with optical coherence tomography (OCT).14 Specifically, they found that the mean

ciliary muscle thickness was 899.43 ± 121.71 μm, 601.49 ± 101.55 μm, 326.27 ± 69.85 μm

at 1, 2, and 3 mm posterior to the scleral spur.14 Bailey and coworkers have since

corroborated their own findings in children and adults (Ernst LE, et al. IOVS 2008;49: E-

Abstract 3580).42 They have also determined that the anterior apical portion of the ciliary

muscle is thicker in hyperopic subjects compared to myopic subjects.42

While the present study’s primary objective was to develop a method for tracking ciliary

muscle volume during development, it also secondarily sought to obtain data on how ciliary

muscle volume was related to biometric values like refractive error. Although our data are

preliminary due to the small range in refractive errors studied, the present study did not find

a significant association with refractive error (P = 0.73) while the above human studies

did.14, 15, 42 These conclusions were drawn from a dataset that included, in some cases, more

than one data point per animal. However, sub-analysis indicated that eyes from different

animals within the same age group (R2 = 0.36) were actually more correlated than the right

and left eyes from the same animal (R2 = 0.08); therefore, the assumption that each eye

represented an independent observation seems reasonable.

Another major difference is that the guinea pigs used in this experiment are much younger

than the subjects analyzed in the human studies.14,15,42 The effects of age may outweigh the

effects of refractive error. The 10-day old age group analyzed in the present study was

abnormally myopic compared to age norms (Table 1).23 Another group has reported on

spontaneously myopic guinea pigs, and it is not uncommon to find these animals in

colonies.43 Thus, it is possible that these animals could have skewed our results; therefore,

we repeated the above linear and multivariate regression analyses without the 10-day old age

group (data not shown). The subsequent linear regression results were essentially the same,

except for refractive error, which was now significant, with less hyperopic refractive errors

associated with thicker ciliary muscles (r = −0.44; P = 0.03). Nevertheless, refractive error

was still not significant in multivariate regression, indicating that age was the primary

predictor of ciliary muscle volume. The myopia in the 10-day-old age group may have been

refractive in origin as the axial lengths in all age groups compared well to those reported for

normal pigmented guinea pigs.23 This hypothesis is supported by the fact that there was no

relationship between refractive error and eye length within the sample of 10-day-old animals

(Spearman’s correlation; P = 0.21) while there was within the full dataset (Spearman’s

correlation; P = 0.01). Future work will evaluate the effect of induced refractive error on

guinea pig ciliary muscle volume in comparison to the normal development in the current

study. This work along with studying a group of animals with a larger range of refractive

errors is needed before the relationship between a guinea pig’s ciliary muscle volume and

refractive error can be fully determined.
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The present study also analyzed age and secondary factors such as eye size and eye shape

(Table 1). Specifically, the present study determined that ciliary muscle volume was

significantly correlated with log age (P = 0.001), ocular length (P = 0.003), equatorial

diameter (P = 0.003), and limbal circumference (P = 0.01). It also determined that the ciliary

muscle was not associated with eye shape (P = 0.60). Finally, multivariate regression

determined that the ocular biometric variables were not significantly associated with ciliary

muscle volume after adjustment for age; therefore, each of these significant biometric

measures were being driven, or merely developing, in tandem with age. Previous human

studies have also found a similar association with age and eye size (axial length).14, 42, 44 To

the best of our knowledge, no one has specifically reported on how eye shape is related to

ciliary muscle thickness and/or volume. Since the current study analyzed enucleated eyes, it

is possible that we did not find an association because we have altered the eyes from their

normal state. This limitation may also apply to eye size; therefore, future work should be

confirmed with less invasive means (e.g., magnetic resonance imaging or OCT). The lack of

an association between ciliary muscle volume and factors other than age in multivariate

regression is perhaps not surprising during normal development. This finding also leads to

the next line of experimentation, which is the determination of how lens- or form

deprivation-induced myopia (abnormal animals) alters the ciliary muscle and how these

values are related to refractive error and ocular length.3, 4, 28, 45, 46

While this study does have a number of strengths, it is not without its limitations. The

primary limitation to this study is that the methods used to determine ciliary muscle volume

are only able to provide relative measurements. This is because tissue sectioning,

processing, and staining are known to cause tissue shrinkage and/or distortions.36, 47 Some

of these distortions can be seen visually in our data (Figure 2 & 7). The observed distortions

may appear significant, yet they appear consistently among the eyes across ages; as a result,

we believed that this limitation is not preventing us from determining useful relative volume

measurements. This pitfall is unavoidable in histology, and it is widely accepted by the

community.36, 47 In order to compensate for this limitation, researchers have used correction

factors to partially negate this problem.36 The present study has also attempted to employ a

correction factor; this was done by anchoring each ciliary muscle volume to each eye’s

limbal circumference. Admittedly, anchoring volume measurements to the limbus is also a

limitation because it too is only an estimate of the true origin of the ciliary muscle. Again,

less invasive imaging methods will be useful for evaluating these potential histological

artifacts.

In conclusion, the above data demonstrate that ciliary muscle volume, length, and thickness

increase robustly with age during the 90 days required to reach adult refractive error and

axial length. The ciliary muscle appears to undergo active development after birth as

opposed to passively occupying the space between its attachments. Initial data demonstrate

that ciliary muscle volume is primarily related to age in normal albino guinea pigs, yet

additional studies are needed to confirm this conclusion. When considering these data as a

whole, they provide evidence in favor of using the guinea pig to study the ciliary muscle in

an animal myopia model because a normal ciliary muscle is not significantly related to

normal biometric values in guinea pigs. Future studies are also needed to determine what

processes are leading to the observed increase in muscle volume over time during normal
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growth (e.g., hypertrophy, hyperplasia). A future goal would also be to determine if there are

differences between pigmented and albino strains because it is possible that they could have

slightly different ciliary muscle development patterns – even though Ostrin and coworkers

reported that the two strains have similar visual acuities and Vingrys and Bui reported that

they have similar electroretinogram patterns (Ostrin LA, et al. IOVS 2011: ARVO E-

Abstract 6296).48 Finally, studies are needed to determine if lens-or form-deprivation

experiments are able to cause exaggerated ciliary muscle growth through the same or

through a different mechanism compared to that driving growth during normal development.
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Figure 1.
Examples of best-fit circles for determining structural areas. Note that white lines are

outlining examples of the coronal (A), transverse (B), and limbal (C) areas.
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Figure 2.
An example tracing of stained ciliary muscle. Note that the ciliary muscle is outlined in red

(10x objective).
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Figure 3.
Determination of optimal number of ciliary muscle sections. The mean area of ciliary

muscle sections are plotted with an increasing number of sections at each point. Note that

the mean area is approximately stable with ten or more sections and that each side of an

error bar represents one standard deviation from the mean.
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Figure 4.
An example of stacked ciliary muscle sections prior to computer generated three-

dimensional reconstruction. Note how tracings like seen in Figure 2 are taken from

throughout the entire eye, stacked, and aligned to allow for three-dimensional reconstruction

of the ciliary muscle.
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Figure 5.
Reconstructed images of ciliary muscle volume at 1, 10, 20, 30, and 90 days of age. Note

that each arrow and associated value represents the mean inner ciliary muscle ring diameter

at the listed time-point. Also note that superior and inferior ring thinning can be seen in

some images; this artifact is due to the software during the reconstruction process.
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Figure 6.
Ciliary muscle volume at different ages. The presented data are best represented as a log

growth pattern (R2 = 0.81). Each side of an error bar represents one standard deviation from

the mean.
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Figure 7.
An example picture of 1-day-old guinea pig ciliary muscles. Note that the ciliary muscle

spans its natural attachment points at 1 day of age (4x objective).
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Figure 8.
Length of ciliary muscle sections over time. The presented data are best represented as a log

growth pattern (R2 = 0.81). Each side of an error bar represents one standard deviation from

the mean.
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Figure 9.
An Estimate of Mean Ciliary Muscle Thickness Over Time. The presented data are best

represented as a log growth pattern (R2 = 0.75). Each side of an error bar represents one

standard deviation from the mean.
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Table 2

Summary of Bland-Altman Repeatability of Methods Analysis.

Measurement Reliability (95% Limits of Agreement)

Ocular Length ± 0.25 (mm)

Equatorial Diameter ± 0.14 (mm)

Limbal Circumference ± 0.38 (mm)

Ciliary Muscle Section Area ± 0.012 (mm2)

Ciliary Muscle Volume ± 0.26 (mm3)
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